Patients receiving mechanical ventilation are at risk of developing ventilator-associated pneumonia. Here, we show that clinically utilized ventilation protocols in rats with 5 mL/kg or 8 mL/kg tidal volumes cause increased interleukin 4 (IL-4) expression, lowered ratio of T H 1:T H 2 transcriptional factors (Tbet:Gata3), and increased arginase 1-positive (Arg1 + ) macrophages and eosinophils in lungs. Macrophages from ventilated lungs had reduced ex vivo capacity toward phagocytosing bacteria. Ventilated animals, when further challenged with bacterial pneumonia, continued to show persistence of Arg1 + M2 macrophages as well as an increased bacterial burden compared with spontaneously breathing animals receiving the same bacterial dose. Increased IL-4 expression also occurred in a mouse ventilation model, and abrogation of IL-4 signaling restored lung bacterial burden in an IL-4Rα −/− ventilator-associated pneumonia model. Our data suggest that mechanical ventilation induces an immunosuppressive state in lungs, providing new insight in the development of ventilator-associated pneumonia.
Mechanical ventilation (MV) is a crucial life-saving support strategy in intensive care units. However, this artificial ventilation causes lung inflammation due to overstretching of alveoli (volutrauma), alveolar rupture due to elevated transalveolar pressure (barotrauma), and/or infectious complications such as ventilator-associated pneumonia (VAP) [1, 2] . It is estimated that patients receiving MV for >48 hours have an approximately 10-fold higher likelihood of developing VAP [2, 3] . On its own, volutrauma causes neutrophil migration to the lung and increased release of T-helper 1 (T H 1)-type proinflammatory mediators such as tumor necrosis factor alpha (TNF-α), interleukin (IL) 1β, IFN-γ, and IL-6 [1, [4] [5] [6] .
Several clinical trials showed that the use of lower tidal volume (V T ) ventilation strategies significantly reduces the release of T H 1-type proinflammatory cytokines and improves outcome in patients with or without acute respiratory distress syndrome (ARDS) [1, 2, 6-8]; however, the incidence of VAP has not abated [9, 10] . It is to be noted that T H 1-type proinflammatory cytokines as well as type 1 innate immune cells such as neutrophils and M1 macrophages are the chief defense against bacteria and are protective against infections [11] . In other pathologies marked by an acute proinflammatory response such as stroke, trauma, burns, or sepsis [12] [13] [14] , immunosuppression occurs by an imbalance of pro-and anti-inflammatory cytokines, resulting in a shift toward a general protracted anti-inflammatory state often marked by elevated IL-4 levels [13] [14] [15] [16] . The IL-4-mediated immunosuppression causes macrophage dysfunction by reprogramming M1 macrophages toward the M2 anti-inflammatory phenotype [17, 18] and leads to an increased vulnerability to secondary infections, especially bacterial pneumonia [13, 14, 16] .
Although to our knowledge, the role of T-helper 2 (T H 2) cytokines for MV has not been studied, a lowered capacity of stimulated blood leukocytes to produce TNF-α, IL-6, and IFN-γ is shown to occur in children ventilated with V T 10 mL/kg for 2 hours [19] . Moreover, increased bacterial survival has been observed for rodent models of pneumonia with prior MV compared with nonventilated pneumonia models [20, 21] . Additionally, noninfectious lung inflammatory conditions such as asthma and chronic obstructive pulmonary disease are marked by a heightened T H 2 response that is associated with reduced bacterial immunity [22] [23] [24] .
Here, we studied whether MV in rodents leads to a T H 2 cytokine-driven immunosuppression and whether this contributes to pneumonia development. We showed that MV leads to IL-4-mediated lung immunosuppression that facilitates bacterial growth in lungs, suggesting important therapeutic and diagnostic potential for IL-4 during VAP development.
MATERIALS AND METHODS

Animals
Wistar rats, aged 8-10 weeks, with average weight of approximately 320 g, were obtained from Charles River Laboratories. For mice studies, 11-to 13-week-old mixed-gender BALBc mice were utilized with average weight of approximately 28 g (BALB/ cRj, René Janvier). IL-4Rα −/− mice raised on BALB/c background were obtained from Jackson Laboratory (Balb/c-IL4ra tm1Sz /J). These mice lack a functional IL-4 receptor that also dampens IL-4 secretion, especially from adaptive cells [25] . All animal experiments were conducted according to the guidelines of the Federation of European Laboratory Animal Science Associations and approved by the University of Antwerp Ethics Committee.
Rat Mechanical Ventilation Model
Up to 4 rats were simultaneously ventilated with Servo 900 C ventilator (Siemens), as described previously [26, 27] . In brief, after intraperitoneal anesthesia of 100 mg/kg ketamine and 0.5 mg/kg medetomidine, rats were orotracheally intubated with an otoscope with 14 GA angiocatheter (BD-Life Sciences) on a tilted platform designed for rodent intubation (Hallowell EMC). We utilized 3 different ventilation protocols. The first, V T 8 mL/kg ventilation group (n = 12 animals) was ventilated for 2 hours with 10 cm H 2 O peak-inspiratory pressure (PIP), 4 cm H 2 O positive end-expiratory pressure (PEEP), 60 breaths/ minute, time inspiratory/expiratory 1:2, and 21% inspired oxygen. The second group, V T 5 mL/kg (n = 8), was similarly ventilated for 2 hours with 7 cm H 2 O PIP, 4 cm H 2 O PEEP, and 80 breaths/minute. The third group, V T approximately 25 mL/kg (n = 8), was ventilated with zero PEEP, 26 cm H 2 O PIP, and 40 breaths/minute. Animals were continuously monitored by pulse oximetry (MouseSTAT, Kent Scientific) to maintain oxygen saturation (>95%) and body temperature was maintained at 37°C by the use of a rectal temperature probe and heating blanket (RightTEMP, Kent Scientific). After different ventilation protocols, animals were euthanized and studied. Spontaneously breathing, nonmanipulated animals (n = 12) served as controls. Spontaneously breathing anaesthetized animals had grossly depressed respiratory rates and V T and were not further utilized (see Supplementary Methods).
Induction of Bacterial Pneumonia in Ventilated Rats
After 2 hours of ventilation with V T 8 mL/kg, rats (n = 12) were intratracheally instilled with 2 × 10 7 colony-forming units (CFU) of Pseudomonas aeruginosa (ATCC-27853) suspended in 500 μL saline (MV+PA, or VAP, group). As controls, animals received identical bacterial instillation without prior ventilation (n = 12; PA group). Anesthesia was reversed using 300 μg/kg atipamezole and animals were returned to their cages and monitored for clinical signs of pneumonia [28, 29] until 24 hours, when they were euthanized.
Mouse Mechanical Ventilation Model
IL-4Rα −/− and wild-type mice were anesthetized with 80 mg/kg ketamine and 1 mg/kg medetomidine and intubated by 20 GA (Insyte Autoguard, BD) on the Hallowell platform. Mice were pressure-controlled ventilated for 2 hours using VentElite (Harvard Apparatus) with 11 cm H 2 O PIP, 4 cm H 2 O PEEP, and 140 breaths/minute corresponding to V T 8 mL/kg. As described for rat ventilation, animals were continuously monitored to maintain >95% oxygen saturation and 37°C body temperature, and euthanized immediately after ventilation. Spontaneously breathing mice (n = 6) served as controls.
Induction of Bacterial Pneumonia in Ventilated Mice
As described for rat studies, IL-4Rα −/− (n = 6) and wild-type mice (n = 4) were further challenged by intratracheal instillation of 1 × 10 6 CFU of P. aeruginosa suspended in 50 μL saline. As controls, IL-4Rα −/− (n = 6) and wild-type mice (n = 4) receiving the same bacterial instillation without prior ventilation were utilized. After infection, anesthesia was reversed using 1 mg/kg atipamezole, and animals were monitored and euthanized after 24 hours.
Data Analyses and Statistics
Data analyses were performed using SPSS software version 23. Transcript data and bacterial quantifications are presented as average fold-differences with standard errors of the mean (SEM). Immunohistochemical, phagocytic, and enzyme-linked immunosorbent assay data are presented as averages of each group with SEM. Kolmogorov-Smirnov test was utilized for testing normality before testing statistical significance of differences by 2-tailed independent t test. Multiple comparisons were performed using 1-way analysis of variance with Tukey post hoc correction. Survival analyses were performed using Kaplan-Meier estimator with Mantel-Cox log-rank test. Values of all significant correlations (P < .05) are given with degree of significance indicated.
Detailed methods are shown in the Supplementary Materials.
RESULTS
Mechanical Ventilation Induces a Proinflammatory Response but
Depressed Transcriptional Activity of the T H 1 Lineage in Lung
To study whether MV causes local immunosuppressive changes, we mechanically ventilated rats for 2 hours using a V T of 8 mL/kg, a ventilation protocol commonly employed in noninjured lungs as well as in children with or without lung injury [7, 8, 19, 30, 31] . In addition, we also utilized a 2-hour ventilation protocol with V T of 5 mL/kg employed in ARDS patients [1, 6] , as well as a high-volume, 25 mL/kg ventilation protocol commonly employed to establish ARDS-like features in rodents [32] .
On histology, lungs from V T 5 and V T 8 groups were not remarkably different than the spontaneously breathing control group; however, V T 25 mL/kg ventilation caused a huge cellular infiltrate, edema, and blood within alveolar compartments as was anticipated [5] ( Figure 1A ). We quantified neutrophilic and macrophage infiltration utilizing a neutrophil marker and for these immunohistochemical stains. C, Lung transcript analyses for the prototype proinflammatory cytokines tumor necrosis factor alpha (TNF-α), interleukin 1β (IL-1β), interferon gamma (IFN-γ), and interleukin 6 (IL-6). The most drastic elevation in lung transcript levels was observed for the V T 25 mL/kg group. D, Tbet/Gata3 lung transcript ratio. Data is presented as average ± standard error of the mean. *P < .05; **P < .01; ***P < .001. Asterisk above the vertical bars denotes significance against spontaneously breathing control group; n = 6-8 animals per group.
a marker for activated phagocytes (CD68). Not only V T 25, but also V T 5 and V T 8 groups, showed V T -dependent increased interstitial neutrophils (P at least < .01 for all) and interstitial CD68 + macrophages in lungs (P < .01 for all; Figure 1B and Supplementary Figure 1) . Staining of the V T 8 mL/kg group with pan-lymphocyte marker, CD3, did not show a significant increase in lung infiltration, although transcript analysis showed a 2.4 times activation of the lymphocyte activation marker CD69, compared with controls (P < .01).
We also showed that MV with increasing V T also led to an increased upregulation of the proinflammatory cytokines TNF-α and IL-1β; however, levels of IFN-γ and IL-6 were only significantly elevated for the V T 25 mL/kg group ( Figure 1C ). These data essentially confirm previous findings that MV is associated with upregulation of proinflammatory cytokines and of neutrophil and macrophage infiltrations that are significantly reduced for lung-protective ventilation protocols [4, 5, 7, 19] .
We next studied whether the innate proinflammatory response induced by MV has any long-term consequences in building a T H 1-proinflammatory milieu. T-bet is the master regulator for governing T H 1-type responses and GATA3 is the main transcription factor for inducing T H 2-type responses [33] . The Tbet/Gata3 ratio in lungs is employed to study T H 1/T H 2 responses [34] . After MV, the Tbet/Gata3 ratio was significantly reduced in lungs for all studied ventilation groups (P < .05 for all; Figure 1D ), indicating activation of a T H 2 type inflammatory response as a long-term consequence of MV-induced lung injury.
Mechanical Ventilation Causes Upregulation of Lung T H 2 Cytokines and
Lung T H 2 Innate Cell Infiltration
IL-4 functions as a potent inducer of M2 macrophages and of T H 2 effector cells while blocking M1 macrophage proliferation and T H 1 cell differentiation [17, [35] [36] [37] . IL-4 transcript levels in lung were upregulated by 6-to 8-fold after MV for all ventilation groups (P < .001 for all). Increased IL-4 expression was also confirmed on the protein level in bronchoalveolar lavage (BAL) fluid, showing significant incremental increase of 14 pg/mL for the V T 5 mL/kg group (P < .01), 18 pg/mL for the V T 8 mL/kg group (P < .001), and 36 pg/mL for the V T 25 mL/kg group (P < .001) (Figure 2A ). IL-13 is another T H 2 cytokine that functions more centrally in allergic inflammation and helminthic infections. IL-13 transcript levels, although nonsignificantly elevated for the V T 5 mL/kg and V T 8 mL/kg groups, were highly elevated for the V T 25 mL/kg group (37-fold, P < .01; Figure 2B ). Similarly, IL-13 protein levels in BAL fluid were also only highly elevated for the V T 25 mL/kg group (P < .001; Figure 2B ). Last, we studied IL-10, an immunomodulatory cytokine that also exerts anti-inflammatory functions and was not elevated in the V T 5 mL/kg and V T 8 mL/kg groups but was significantly elevated in the V T 25 mL/kg group (5-fold, P < .05).
We further studied macrophage polarization subtypes in lungs of ventilated animals using arginase 1 (Arg1), an M2 marker that is strongly induced by IL-4 [36] , as well as inducible nitric oxide synthase (iNOS), a prototype M1 macrophage marker. Infiltration of macrophage subsets was quantified utilizing Arg1/CD68 and iNOS/CD68 double-labeled immunohistochemistry. After MV, Arg1 + M2 macrophages increased approximately 2.5-fold for both the V T 5 mL/kg and V T 8 mL/kg groups compared to spontaneously breathing controls (P < .01; Figure 2C ; Supplementary Figure 2) . In contrast, the proportion of iNOS + M1 macrophages in the V T 5 mL/kg and V T 8 mL/kg groups was reduced by approximately 4-fold after MV compared with controls (P < .01; Figure 2C ; Supplementary Figure 2) .
Besides M2 macrophages, eosinophils have long been associated with the effector arm of T H 2 immune responses, and recent data have suggested that activated eosinophils are present earliest in response to T H 2-inducing agents [38] . Histological analyses revealed an increased influx of eosinophils for all ventilation groups (P < .01; Figure 2D ). These data all suggest that MV induces T H 2 cytokine expression and a T H 2 innate cellular response in rat lungs.
Reduced Bacterial Phagocytosis by Macrophages From Ventilated Lungs
IL-4-induced M2 macrophages are also known to cause reduced bacterial phagocytosis in vitro [36] . Therefore, we further examined ex vivo phagocytic capabilities using labeled Escherichia coli particles on macrophages extracted from BAL fluid immediately after MV. Macrophages from all ventilation groups showed a reduced phagocytic capacity toward bacterial particles compared with macrophages harvested from controls (23% reduction for the V T 5 mL/kg group, 36% for the V T 8 mL/kg group, P < .001 for both; and 24% reduction for the V T 25 mL/kg group, P < .01; Figure 3A) .
To further study whether the observed increase in IL-4 levels has the capability to induce M2 macrophages and to suppress bacterial phagocytosis, we stimulated alveolar macrophages in vitro with the IL-4 concentration range detected in BAL fluid in ventilated animals. We first showed that recombinant IL-4 (rIL-4) stimulation caused an approximate 5-fold decrease in M1 macrophage numbers compared with the nonstimulated group (P < .01), whereas M2 macrophages were elevated 1.5-fold (P < .05; Figure 3B ). Next, we showed that 40 pg/mL rIL-4 stimulation caused a significant 24% decrease in phagocytosis compared with nonstimulated cultures (P < .01, Figure 3C) , and was comparable to 10 ng/mL IL-4-stimulated cultures, classically used as positive controls for IL-4 stimulation studies [36, 37] .
MV-Induced Arg1 + Macrophages Persist After Bacterial Challenge in
Lungs
To study the impact of MV on pneumonia development, animals ventilated with V T 8 mL/kg were further intratracheally challenged with 2 × 10 7 CFU of P. aeruginosa in a model of VAP (MV+PA group), and were compared with the PA group that received the same bacterial challenge in absence of MV. Pseudomonas aeruginosa was the chosen organism as it is one of the most important causes of pneumonia in hospitalized patients and associated with high mortality rates [39] . MV prior to bacterial challenge led to increased disease severity and mortality compared with the PA group (P < .05; Figure 4A ) along with increased bacterial lung burden (P < .05; (Figure 4B ), as shown previously [20, 21] .
On lung histopathology, eosinophilic infiltration for the MV+PA group was approximately 2.4-fold higher than the PA group (P < .05), while the amount of neutrophils was nonsignificantly reduced for the MV+PA group ( Figure 5A ). We next studied CD68 + macrophage populations and showed them to be elevated for both MV+PA and PA groups (P < .001; Supplementary Figure 3) . However, on double-labeled immunohistochemistry, Arg1 + CD68 + macrophages doubled for the MV+PA group compared with the PA group (P < .01; Figure 5B , lower panel), whereas the proportion of iNOS + CD68 + macrophages was reduced by approximately 20% for the MV+PA group compared with the PA group (P < .05, Figure 5B , upper panel). These data suggest that the proportion of MV-activated innate T H 2 cells persist despite the huge burden of gram-negative bacteria in the MV+PA lungs.
Mechanical Ventilation-Induced Phenotype Is Restored in an IL-4Rα -/-
VAP Mouse Model
To study whether inhibiting IL-4 signaling could restore increased bacterial burden observed for ventilated models of pneumonia, we ventilated IL-4Rα -/-mice that lack functional IL-4 and IL-13 signaling. Wild-type mice ventilated with V T 8 mL/kg for 2 hours showed upregulation of IL-4 lung transcript levels (2.6-fold, P < .05; Figure 6A ) as well as of the key Th1 cytokines TNF-α (2-fold, P < .05) and IL-6 (approximately 4-fold, P < .01). IL-4Rα -/-mice ventilated with V T 8 mL/kg showed comparable increase in the levels of IL-4 (3.5-fold, P < .01) and TNF-α (2.5-fold, P < .001), whereas elevations in IL-6 levels were much more pronounced (15-fold, P < .001; Figure 6B ). However, IL-10 and IL-13 lung transcript levels remained unaltered in both wild-type and IL-4Rα -/-ventilated mice compared with controls (data not shown). Similar to rat, wild-type mice when further challenged with 10 6 CFU of P. aeruginosa led to increased bacterial lung burden compared with animals that received the same bacterial dose without prior ventilation (P < .01, Figure 6C ). However, when IL-4Rα -/-animals were similarly ventilated and inoculated with the same dose of bacteria, no increase in bacterial lung burden was observed compared to the PA mouse group ( Figure 6C ). These data suggest that IL-4 upregulation as a consequence of MV plays an important role in suppressing macrophage bacterial phagocytic function. Arg1), and inducible nitric oxide synthase (iNOS). Scale bar represents 20 μm. C, Naive and 40 pg/mL IL-4-stimulated alveolar macrophages were used for in vitro phagocytic assay (Neg-con, nonstimulated cells). Data are presented as average ± standard error of the mean. *P < .05; **P < .01; ***P < .001. Asterisk above the vertical bars denotes significance against spontaneously breathing control group; n = 6-10 animals per group.
Here we show that mechanical ventilation in rodents leads to an immunosuppressive milieu in lung marked by elevated transcript and protein levels of the key T H 2 cytokine (IL-4) and of the key T H 2 innate effector cells (M2 macrophages and eosinophils). We also show that after MV, alveolar macrophages have reduced capacity to phagocytose bacterial particles that could contribute to the increased vulnerability of mechanically ventilated patients to develop VAP. In support of this postulate, we showed that ventilated animals, when further intratracheally challenged with P. aeruginosa, displayed persistence of M2 polarized macrophages that correlated with increased bacterial burden in lungs compared with spontaneously breathing animals receiving the same bacterial dose. Moreover, blocking of IL-4 signaling in an IL-4Rα -/-mouse VAP model restored the bacterial lung burden.
MV induces the release of T H 1-type proinflammatory mediators in both patients and animal models [1, [4] [5] [6] 19] , and independent patient studies have shown that lung-protective MV protocols with lower tidal volumes of 5-8 mL/kg drastically reduce proinflammatory mediators in plasma and BAL fluid compared with conventional MV with higher V T s [7, 8] . We confirm this in our study where T H 1-type proinflammatory cytokines abated drastically with protective ventilation strategies of V T 5 or 8 mL/kg, with IL-6 levels showing the most pronounced drop from approximately 1500-fold for V T 25 mL/kg group to few-fold elevations for the V T 5 mL/kg and V T 8 mL/kg groups.
However, despite the use of lower V T protocols, the unabated high incidence of VAP and non-VAP nosocomial infections in ventilated patients [9, 10] suggested that VAP is tightly linked to some other consequence of MV. This premise is well supported by this study where MV was unable to activate the T H 1-specific transcriptional factor, T-bet. In fact, the ratio of T H 1:T H 2 transcriptional factors (Tbet:Gata3), a ratio employed to predict immunosuppression [34] , was highly depressed; in addition, IFN-γ, the classical T H 1/M1 driver, was not elevated in the protective ventilation groups. These data fit well with a study where 2 hours of MV in children with V T 10 mL/kg caused depressed proinflammatory cytokine production from stimulated blood cells [19] .
It would be interesting to study whether lower V T protocols in humans also lead to IL-4 mediated immunosuppression in lung and investigate whether therapeutically blocking IL-4 or any upstream mechanism could prevent pneumonia development in ventilated patients. In other immunosuppression-inducing diseases such as sepsis and asthma, IL-4 and its targeting has been shown to have disease-modifying outcomes [14] [15] [16] [40] [41] [42] . For example, increased IL-4 levels in sepsis have been strongly correlated with mortality [15, 16] , and have also been linked to secondary infections including pneumonia [14] . Similarly in asthma, increased lung IL-4 and T H 2 cells linked with an increased risk for bacterial lung infections are blocked with IL-4/IL-13 antibodies [41, 42] . Interestingly, while we show an incremental increase of 14 pg/mL for the lowest V T group (5 mL/kg), an increment of 1 pg/mL of IL-4 in a mouse model of allergic airway inflammation is already shown to significantly increase the risk of developing pneumonia [41] .
In contrast to IL-4, IL-13 levels were only significantly elevated in the V T 25 mL/kg group, and while it would be interesting to study whether low V T strategies for prolonged duration of ventilation are able to induce IL-13 expression, IL-4, but not IL-13, induces differentiation of naive helper T H 0 cells to T H 2 cells as well as blocks T H 1 responses [43] . Moreover, IL-4, independent of IL-13, can induce allergic airway inflammation and polarization of macrophages toward M2 type with reduced phagocytic capacity [17, 44] . We show here that treating macrophages in vitro with the same levels of IL-4 observed in ventilated lungs were sufficient to reduce the phagocytic capacity of alveolar macrophages extracted from BAL. While increased IL-4 also has an inhibitory effect on lung neutrophil recruitment and phagocytosis [16, 45, 46] , >90% of cells isolated from lung BAL were CD68 + activated macrophages. Interestingly, the phagocytic reduction of alveolar macrophages was less pronounced for the V T 25 mL/kg group and fits well with the observation that T H 1 cytokines were most drastically elevated for the V T 25 mL/kg group, suggesting that the elevated T H 1 response A, MV + Pseudomonas aeruginosa (PA) (VAP) group showed a significantly higher clinical score (*P < .05 at 18-hour time-point, 2-tailed t test) and a significantly higher mortality (*P < .05, Kaplan-Meier Mantel-Cox log-rank test) compared to PA group. Both groups were analyzed 24 hours after bacterial inoculation. B, Bacterial load in lungs estimated using quantitative polymerase chain reaction showed a higher bacterial load in the MV+PA group compared with the PA group (*P < .05; n = 6 animals per group).
here likely offsets the IL-4-mediated responses. The reduction of bacterial phagocytosis as a consequence of MV also corroborates well with increased in vivo bacterial burden in our rat VAP model ventilated with a protective V T 8 mL/kg protocol.
As is the case with sepsis [14] , the exact mechanism of MV-induced IL-4-mediated immunosuppression is unidentified. While the production of IL-4 could be a compensatory mechanism neutralizing the harmful effect of activated macrophages, studies have shown the existence of neuroendocrine pulmonary stretch receptors that release cytokines when subjected to artificial stretch [47] . It is therefore possible that recruitment and de-recruitment of peripheral alveoli and associated vascular phenomena could also be involved to initiate the MV-induced immunosuppression pathway. Newer ventilation Data are presented as averages ± standard error of the mean. *P < .05; **P < .01; *** P < .001. Asterisk above the vertical bars denotes significance against spontaneously breathing control (Con) group; n = 6 animals per group; ns, nonsignificant.
strategies such as noninvasive ventilation that minimize nonphysiological ventilation will likely be more adept in reducing the immunosuppressive effect of MV. While we focused in this report on T H 2 cytokines, an increased expression of IL-6, especially in IL-4Rα -/-mice ventilated with V T 8 mL/kg, remains interesting and suggests a hyperresponse due to the lack of robust Th2 pathways. A similar hyperresponsiveness of IL-6 is also described in IL-4 -/-mice infected with Salmonella or E. coli toxin [48, 49] . While IL-6 was drastically elevated for the high V T 25 mL/kg ventilation, protective ventilation strategies in both rat and wild-type mice only showed a modest and sometimes nonsignificant elevation of IL-6 suggesting, that with newer ventilation protocols, the protective effect of IL-6 against bacterial pneumonia [50] has also declined. To conclude, we show here a distinct involvement of IL-4 and associated innate immune cells in the pathology of MV-induced lung inflammation and of persistence of M2 macrophages after infection. While these findings need to be further studied in humans, we propose that this immune imbalance in lungs could render subjects receiving MV more vulnerable to developing infections and contribute to the high morbidity and mortality observed in VAP patients.
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